Plug-flow biofilm reactors colonized by microorganisms in streamwater were used to measure the concentration and composition of biodegradable dissolved organic C (BDOC) in White Clay Creek. During the 4-month study period, DOC ranged from 0.8 to 10.4 mg C liter-' and was, on average, composed of 75% humic substances, 13% carbohydrates, 2% amino acids, and 18% > 100 kDa. The carbohydrates were predominantly polysaccharides, nearly all amino acids were present in the combined form, and most carbohydrates and amino acids were humic bound. BDOC ranged from 0.2 to 2.9 mg C liter-', averaged 25% of the DOC, and was composed of 75% humic substances, 30% carbohydrates, 4% amino acids, and 39% DOC >lOO kDa. The carbohydrate portion of the BDOC was primarily polysaccharide or humic bound. Similarly, the amino acid portion of the BDOC was overwhelmingly present in the combined form and primarily humic bound. Glycine and aspartic acid were the dominant amino acids in White Clay Creek DOC and in the BDOC pool. Our data broaden the perspective on substrates important to microbial metabolism and energy flow in streams and provide the first direct evidence that humic substances, although largely refractory, are an important component of streamwater BDOC.
Dissolved organic matter (DOM) comprises most of the reduced carbon in aquatic ecosystems and provides energy and carbon resources for the metabolism of heterotrophic bacteria. Not all DOM is biologically labile or even biodegradable. Although numerous investigations in both freshwater and marine environments have reported on the quantity and composition of DOM, fewer studies have addressed the biodegradable fraction. Identifying biodegradable DOM (BDOM) constituents and quantifying their contribution to heterotrophic metabolism can increase our understanding of ecosystem function and bacterial ecophysiology.
From a limited number of studies we know that BDOM in streams and rivers includes both low-molecular-weight (Kaplan and Bott 1983) and high-molecular-weight (Meyer et al. 1987; Amon and Benner 1996) components. It is also known that humic substances dominate the DOM pool in streamwater (Wallis and Ladd 1983) , and it has been suggested that humic substances play an important role in ecosystem metabolism (Wetzel 1992) . Our data are the first to directly measure the biodegradation of humic substances in streamwater.
Measuring the contribution of different DOM constituents to the metabolism of heterotrophic bacteria has been hindered by methodological problems. The presence of poorly characterized organic complexes and numerous individual organic molecules at low concentrations makes comprehensive measures of uptake rates difficult on a molecular basis. Composite measurements, such as dissolved organic C (DOC) or humic substance analyses, are typically not sensitive enough to detect significant uptake without extended periods of incubation, concentration of substrate (Meyer et al. 1987) , or both (Moran and Hodson 1990, 1994) . As a result, the utilization of DOM components is often inferred from the growth of bacteria suspended in batch cultures of concentrated DOM fractions (Tranvik 1988; Leff and Meyer 1991) .
The application of biofilm reactor methods to the study of DOC utilization, wherein high densities of attached microorganisms are exposed to relatively low fluxes of organic substrates in a once-through mode, has made it possible to measure net DOC uptake in unamended streamwater over a period of hours (Kaplan and Newbold 1995) . The objectives of the present study were to apply the bioreactor measure-ment to DOC components, extend previous investigations of carbohydrate and amino acid utilization in stream ecosystems (Kaplan and Bott 1983) , and include the measurement of humic substances. We analyzed streamwater DOC quantity and quality, quantified the biodegradable portion of DOC with a plug-flow bioreactor, and combined bioreactor operation with chemical analyses to determine the composition of BDOC.
Methods
The study site for our research was the headwaters of White Clay Creek in southeastern Pennsylvania (Kaplan et al. 1980) . White Clay Creek drains an agricultural watershed and has elevated concentrations of nitrogen (3-4 mg NO,-N liter-') and phosphorus (lo-60 pug PO,-P liter-'). Stream discharge was continuously monitored at a gauging station (type A model 71 horizontal float recorder, Leupold and Stevens) near the point of water collection. Large volumes of streamwater (20-100 liters) were filtered through a twostage glass-fiber cartridge system (Balston) with pore sizes of 25 and 0.3 pm in series, and smaller volumes (40-160 ml) were passed through glass-fiber filters (Whatman GF/F) with a syringe and syringe-type filter holder (Kaplan 1994) . Balston-filtered streamwater was stored in polyethylene reservoirs and pumped continuously into once-through plugflow biofilm reactors that were constructed of glass chromatography columns (Kontes), filled with sintered glass beads (Schott Glassworks), and protected from light (Kaplan and Newbold 1995) . The filtered streamwater contained most of the suspended bacteria present in the unfiltered source and provided a continuous inoculum and energy supply for the colonization and growth of the bioreactors. The 589-ml bioreactors used in this study were fed with streamwater at a rate of 4 ml min-l, had an average hydraulic residence time of 1.8 h, and had been in continuous operation for 1.5 yr. Concentrations of streamwater BDOC were operationally defined as the difference between the DOC concentration in the influent and effluent water of the bioreactors. The elevated N and P concentrations in White Clay Creek ensured C limitation. DOC removal within the bioreactor is an overwhelmingly biological process with abiotic adsorption accounting for -10% of the BDOC estimate (Kaplan and Newbold 1995) .
BDOC concentrations were measured in streamwater after -2-10 bioreactor volumes (4-18 h) of exposure to new filtrate to ensure that the effluent corresponded to the test water while avoiding extensive chemical changes in the sourcewater reservoir. BDOC concentrations were measured on 25 different days between January and April 1993 and streamwater samples from 6 of those days were subjected to additional analyses of DOC constituents, including carbohydrates, amino acids, humic substances, and nominal molecular weight (humic substances and nominal molecular weight were determined on only 5 of the days). Differences in the constituents in samples of the reservoir and bioreactor effluent water were used to characterize the composition of DOC and BDOC in White Clay Creek. In between BDOC measurements, the bioreactors were continuously exposed to streamwater. DOC was measured by Pt-catalyzed persulfate oxidation (Kaplan :992) with an 01 700 TOC analyzer. Bioreactor effluent was not refiltered before analysis except for those subsamples analyzed for amino acids. Amino acids in 0.2-pm filtrates (25-mm nylon-syringe filter, Nalgene) were determined by HPLC by means of precolumn o-phthalialdehyde derivatization and fluorescence detection (Lindroth and Mopper 1979) . Dissolved free amino acids (DFAA) were measured without sample pretreatment, and total dissolved amino acids, including dissolved combined amino acids, were measured following vapor phase hydrolysis (Keil and Kirchman 1991 a) . Humic substances were measured by macroreticular XAD-8 resin chromatography (Thurman and Malcolm 1981) . Humic substances were defined as the difference between the DOC concentration of samples measured prior to acidification and the effluent from the XAD-8 resin. Carbohydrates were assayed with the spectrophotometric 3-methyl-e-benzothiazolinone hydrazone hydrochloride (MBTH) method (Johnson and Sieburth 1977) . Monosaccharides were measured on samples without pretreatment, and total saccharides were measured following hydrolysis in 0.1 N HCI (Burney and Sieburth 1977) . Applying the amino acid and carbohydrate analyses to samples before and after passage through the XAD-8 resin provided estimates of the humic-bound fractions of these molecules. Radiolabeled molecules were used to verify that free carbohydrates and free amino acids did not adsorb on the XAD-8 resin. Nominal molecular mass was estimated with ultrafiltration Millipore 85-ml stirred cells with PTHK membranes (Kaplan et al. 1980) . Data were analyzed with a SAS system (SAS Inst.) on a micro VAX 3100. Statistical analyses included t-test, ANO-VA, and Ryan-Einot-Gabriel-Welsh multiple range test. Significant differences were determined with an (Y error level of P = 0.05.
Results
During this study, DOC concentrations ranged from 0.8 to 10.4 mg C liter-', with lower concentrations associated with basellow and higher concentrations associated with storms (Fig. I) . BDOC concentrations measured on 25 separate days during the study ranged from 0.2 to 2.9 mg C liter-' and averaged 25L5% of the DOC (mean+SD, range 16.5-34.4%). As was the case for DOC values, significantly higher BDOC concentrations were associated with stormflows (t-test, P = 0.001). However, when BDOC was expressed as a percentage of DOC, there was no difference between baseflow (24t4%, n = 9) and stormflow (26?5%, n = 16) samples (P = 0.36).
Constituent analyses on five or six sample dates showed that humic substances dominated the DOC pool, accounting for 72-78% of the total. Acidification of samples to pH 2 in preparation for XAD-8 resin chromatography resulted in a 6-19% decrease in DOC concentrations (10?4%, n = 17), presumably from the adsorption of the most hydrophobic fraction to glassware (Kaplan 1992) . DOC >lOO kDa accounted for 15-22% of the DOC. There was a substantial contribution to streamwater DOC from carbohydrates (9- Fig. 1 . DOC, BDOC, and stream flow from January through May 1993. Data corresponding to the six dates chosen for extensive chemical characterization are circled (no discharge data are available for the January date). Symbols in panels A and B are larger than the standard deviations of the means, and dots in panel C identify when samples were collected for DOC analysis. 16%), whereas amino acids were a minor constituent (2-3%) ( Table 1) . Carbohydrates were predominantly polysaccharides (7285% of total), and nearly all amino acids were present in the combined form (95-99% of total). Both carbohydrates and amino acids were present primarily in the humic-bound form (Table 2) .
BDOC concentrations on the six sample dates ranged from 0.36 to 2.92 mg liter-', representing 21-34% of the DOC (Table 3) . DOC > 100 kDa contributed 33-45% of the BDOC, which was 6885% humic substances, 22-43% carbohydrates, and 2-6% amino acids. The carbohydrate portion of BDOC was primarily polysaccharide (6688%) and humic bound (62-65%). Similarly, the amino acid portion of BDOC was overwhelmingly present in the combined form (94-100%) and was primarily humic bound (56-70%). On the basis of comparisons of DOC constituents and their contributions to BDOC (on a percentage basis), it seems that DOC > 100 kDa, carbohydrates, and combined amino acids were selectively utilized (ANOVA, multiple-range test, P = 0.05).
Glycine and aspartic acid were the dominant amino acids in streamwater, accounting for as much as 40% of the total amino acid pool. With the inclusion of alanine, glutamic acid, serine, and threonine, these six amino acids comprised 70-75% of the total during the six dates (Fig. 2) The same amino acids tended to dominate the BDOC pool. DFAA were readily utilized, and on average 92% of the initial DFAA concentrations were consumed in the bioreactors. In contrast, only 52% of the DCAA, on average, were removed from solution, ranging from 16% of the tryptophan to 73% of the arginine.
Discussion
There are two contrasting, although not necessarily mutually exclusive views of DOM metabolism by heterotrophic bacteria. One view is that a small pool of biologically labile molecules (Saunders and Starch 1971 ) is cycled rapidly (Coffin et al. 1993 ). Although present in low concentrations, the rapid turnover of these labile molecules satisfies the energy and, in some cases, nutrient (Keil and Kirchman 199 1 b) requirements of aerobic heterotrophic bacteria. Alternatively, a large pool of more refractory compounds, primarily humic substances, provides a significant supplement to heterotrophic metabolism (Moran and Hodson 1994) . Although biologically more recalcitrant and less energy-yielding than monomers or complex polysaccharides (Amon and Benner 1994) , a portion of the humic substances is biologically degradable (Moran and Hodson 1990) . The high concentration of the humic substances, especially in freshwaters, compensates for slower rates of catabolism, and their supply and abundance may provide a degree of ecosystem stability (Wetzel 1992) .
Our data provide the first direct evidence that humic substances, although largely refractory (73% were not metabolized within the bioreactor), are an important component of streamwater BDOC. Humic substances accounted for 75% of the total BDOC in streamwater. Carbohydrates and amino acids bound to humic substances accounted for -30% of the humic substance BDOC, with the remainder presumably due to the degradation of the humic substances themselves. Previous evidence for the biodegradability of humic substances has been reported for individual species of bacteria in batch cultures of lake water (Stabel et al. 1979 ) and a reservoir (Rifai and Bertu 1980) . These investigations demonstrated the importance of monomeric substrates in facilitating degradation, whereas the reservoir study also emphasized the influence of seasonal changes in water chemistry. Community-level measurements of growth rates (Tranvik 1988) , production rates (Sundh and Bell 1992) , and increases in bacterial biomass (Moran and Hodson 1990, 1994) have demonstrated the biological availability of humic substances from lake, marsh, and marine waters. Our estimate that 27% of streamwater humics are biodegradable contrasts with estimates of 8 and 1% for lake and blackwater marsh humics, respectively (Moran and Hodson 1990) , 14% for groundwater humics (Gron et al. 1992) , and 3-l 1% for marine humics (Moran and Hodson 1994) . 9 Values based on four analytical replicates of a single reservoir sample; monosaccharide and total carbohydrates were measured directly and polysaccharides were calculated as the difference bctwecn the two. 11 Values based on a single reservoir sample; fret and combined amino acids are the sum ol' the C present in individual molecules.
It is unlikely that these differences are related to distinctive, fundamental characteristics of lotic, lentic, or marine environments. In fact, a cross-system analysis of labile DOC (Sgndergaard and Middelboe 1995) has shown greater variability within than between these habitats. Humic content is not necessarily predictive of biological lability or recalcitrance, because O-15% of the DOC in lotic blackwaters were metabolized during 15-d incubations (Leff and Meyer 1991) whereas 30-50% of the DOC in blackwaters from a mountain bog pool were decomposed over 90 d (Satoh and Abe 1987) . The structure of DOC, modified by diagenesis and photolysis, is one determinant of biodegradability, and clearly an operationally defined assessment of biodegradability is heavily influenced by the choice of bacterial inoculum and incubation conditions. This influence is especially true when the subsn-ates are complex organic molecules from freshwater ecosystems with a distinctive watershed imprint on the DOC pol~l. In much the same way that organic molecules have a watershed signature that provides a homing signal for migrating fishes (Hasler and Wisby 1951) , the structurally complex humic BDOC may possess a watershed signature that selects for specific assemblages of bacterial heterotrophs, microbial consortia, uniquely acclimated to degrade the complex mixture of humic substances. The biofilm reactor, with its continuous, once-through exposure to a test water and the indigenous bacteria suspended in it, provides a unidirectional supply of C, other nutrients, and energy to heterotrophs attached to an inert matrix. Presumably the most biologically labile and energetically advantageous molecules would be metabolized first, and more recalcitrant molecules would be metabolized over progressively longer residence times (distances) within the reactor. The resulting longitudinal gradients of diminishing DOC quantity and quality within the bioreactor generate multiple niches and select for a diverse range of organisms capable of metabolizing DOC of varying quality. This metabolic capability and large biomass-to-DOC ratio within the bioreactor facilitates the direct uptake measurements of DOC and humic substances and avoids the problems associated with estimating uptake from parameters with large variance terms. For example, to calculate DOC uptake from increases in cell biomass requires converting biovolume to biomass (an 8-fold range in conversion factors; Kroer 1994) and assuming a cellular yield (a 3-fold range in conversion factors; Connolly et al. 1992) . The bioreactors do have limitations. They require a substantial colonization phase, we do not know how or if the attached microflora changes with a con- tinuous exposure to streamwater, and examination of the attached bacteria requires destructive sampling of the bioreactor.
Our data on DOC composition confirm results from previous studies. The concentrations of carbohydrates and amino acids are within the range of values previously reported for White Clay Creek (Kaplan et al. 1980; Kaplan and Bott 1989) . The five dominant amino acids identified in hydrolysates of White Clay Creek samples generally match those reported for eight large rivers from around the world (Ittekkot et al. 1982) as well as smaller streams in Canada (Wallis and Ladd 1983) . Others have shown that freshwater DOC is predominantly humic substances (Wallis and Ladd 1983), -25 -20 -5 Gly' Asp' Glu' Ala' Ser' Thr' Val' Leu' Trp' Ile ' Lys' fi -, -0 His' Phe' Arg' Gln' Tyr Met Asn Fig. 2 . Average mol% of individual amino acids within the DCAA pools of White Clay Creek DOC (solid bars) and BDOC (stripped bars) on six dates from January through May 1993. Abbrcviations: Gly, glycine; Asp, aspartic acid; Glu, glutamic acid; Ala, alanine; Ser, serinc; Thr, threonine; Val, valine; Leu, leucinc; Trp, tryptophan; Ile, isoleucine; Lys, lysinc; His, histidine; Phe, phenylalanine; Arg, arginine; Gln, glutaminc; Tyr, tyrosine; Met, methionine; Asn, asparginine. that large molecules (or colloids) can be important components of the DOC (Lock and Ford 1986) , that most of the amino acids in rivers are present in the combined form and are humic associated (Lytle and Perdue 1981) , and that polysaccharides and humic-bound saccharides are more abundant than monosaccharides (Sweet and Perdue 1982) .
Our BDOC data broaden the perspective on substrates important to microbial metabolism and energy flow in stream ecosystems. Although questions exist about the accuracy of MBTH-derived carbohydrate data (Senior and Chevolot 199 1) and molecular size data based on stirred cell ultrafiltration (Aiken 1984 )-methods that we have used-we have shown that the composition of BDOC in White Clay Creek cuts across the full spectrum of molecular components. Most strikingly, humic substances clearly were the dominant constituent, and large molecules (possibly colloids) contributed on average 39% of the BDOC. Carbohydrates and amino acids, generally considered to be biodegradable, were selectively utilized, but 40 and 5 1% of these compound classes, respectively, were not metabolized. Indeed these results indicate that the often used general classifications of BDOC components-e.g. carbohydrates are biologically labile and humic substances are recalcitrant-should be used with caution. Of course demonstrating that a molecule is biodegradable does not reveal its contribution to bacterial production or ecosystem metabolism. Accomplishing that goal will require data on kinetics (rates of utilization), growth yields, and scaling bioreactor data to the conditions (active biomass and C flux) in stream ecosystems.
